Autoregulation of cerebral blood flow (constant perfusion despite variations in blood pressure) was studied in 15 control subjects and in 24 patients with cerebral vascular lesions. Thirteen patients were studied within the first 2 days of an episode of cerebral ischemia ("acute" group); 11 were studied from 15 days to several months after an ischemic episode ("chronic" group). Measurements of regional cerebral blood flow (rCBF) were made by recording extracranially in four to six locations the clearance of 85Kr dissolved in saline and injected into the internal carotid artery. Blood flow values were calculated with a digital computer, using a compartmental analysis of the clearance curves. After measuring rCBF in the resting state, the blood pressure was increased by 30 to 40 mm Hg by the intravenous infusion of angiotensin amide (Hypertensin, Ciba). While the blood pressure was kept constant at the new level, a second series of measurements was made. Autoregulation was present in all normal subjects: no significant differences were found in average or compartmental flow rates between values obtained at normal and at hypertensive levels of blood pressure.
induced acute hypertension or hypotension,17-22 and during nonpharmacological acute hypertension or hypotension. 3 27 With hypotension, autoregulation has been observed both in normal human subjects and in patients with cerebral vascular diseases, at levels of mean arterial blood pressure above a threshold of 60 to 70 mm Hg. However, in hypertensive patients a decrease in arterial pressure to 120 mm Hg, or of 30% of base value, is at times sufficient to produce a decrease in cerebral blood flow (CBF). 23 It has also been shown that autoregulation is not an immediate phenomenon, as it occurs only 30 sec to 3 to 4 min after a change in perfusion pressure.7 11 28 A constant cerebral perfusion rate is also maintained during increases29' 30 or decreases 30 31 in cerebral venous pressure, and during increases in cerebral spinal fluid pressure. [32] [33] [34] [35] In these experimental conditions, cerebrovascular resistance varies inversely to venous or spinal fluid pressure so that blood flow remains constant despite a decrease in perfusion pressure of the brain to levels as low as 35 to 40 mm Hg. Conflicting results have been reported,36 suggesting that the relationship between CBF and intracranial pressure is in part dependent upon the rapidity of the increase of intracranial pressure.
The data just summarized indicate that autoregulation is a general property of cerebral vessels, which is of considerable importance to the maintenance of a normal supply of oxygen to the brain. Autoregulation is easily impaired by different kinds of disturbing factors such as brain damage from direct trauma, anoxia, prolonged anesthesia, or hypercapnia. 3 Studies of patients with cerebral vascular lesions have shown that in some cases autoregulation is lost for the first few days after a major ischemic cerebral infarct. 18, 38, 39 In this paper we are reporting our experience in investigations of patients with cerebral vascular lesions studied at different times after an ischemic episode, and in investigations of a group of control subjects. Blood flow was measured in several regions of the brain by recording the clearance of a radioactive inert gas40' 41 during the resting state and during the intravenous infusion of angiotensin amide.
We shall show that: (1) autoregulation is present in normal subjects and in patients with cerebrovascular disease 15 days or longer after an ischemic episode and (2) autoregulation is lost in regions of the brain in most patients with cerebrovascular disease for at least 2 days after an ischemic episode.
Methods
The control group consisted of 15 normotensive subjects with various neurological disorders (for example, multiple sclerosis and polyneuritis) or 24 subjects with focal lesions: 20 with ischemic infarcts, three with focal transient ischemic episodes, and one with a primary intracerebral hemorrhage. All patients were normotensive; patients with hypertension were excluded from the study.
Thirteen patients were studied within the first 2 days of an ischemic episode ("acute" cases), and 11 were studied 15 days to several months after an ischemic episode ("chronic" cases). The ages of the subjects and clinical data are given in tables 2, 3, and 4.
Measurement of rCBF and Production of Hypertension
Measurements of regional cerebral blood flow (rCBF) were made by recording extracranially the clearance of 85Kr from the brain, as described previously. 40 41 Without premedication, local analgesia of the skin of the neck was produced by infiltration with 1% lidocaine (Xylocaine Astra).
The common carotid artery was punctured with an 18-gauge thin-wall needle, and a polyethylene catheter was directed into the internal carotid artery. In the studies reported herein, four to six radiation detection probes were used. Probes were placed over the prefrontal (F), prerolandic (R), parietal (P), occipital (0), or temporal (T), regions of the brain on the side of the vascular lesion or ischemic attack, and over the median (M) region on the opposite side. Blood flow values were calculated with a general purpose digital computer and compartmental analysis of the clearance curves.4' During each study, arterial blood pressure was recorded repeatedly. Arterial blood samples were drawn and immediately analyzed for pH, PCo(,, Circulation, Volume XXXVIII, October 1968 and Po2 (Combi-analyzator with Radiometer electrodes). Venous blood was drawn for determination of the hematocrit.
After rCBF measurements were made during the resting state, arterial hypertension was produced by the intravenous infusion of angiotensin amide (Hypertensin, Ciba). A dose of approximately 40 ,ug/min raised the mean arterial blood pressure 30 to 40 mm Hg above the resting level. Arterial pressure was kept at this new level for at least 5 min before a second set of rCBF measurements was made. No subject felt any discomfort at the higher level of blood pressure, which was maintained easily during the entire period required for the measurements. the average increase of mean arterial blood pressure produced by angiotensin amide was 34.7 mm Hg. The variations in PacO2 were between ± 1.5 mm Hg. Mean values for rCBF before and during hypertension were almost identical. Mean increase during hypertension was 0.26 ml/ 100 g/min. Flow rates and relative weights of the fast and slow compartments also were practically unchanged.
In patients with cerebral vascular disease (tables 2 to 4), we observed slight variations of flow in both the fast and slow compartments, with little increase in weight of the fast compartment. Mean increases in rCBF in patients with cerebral vascular disease were 4.44 ml/100 g/min in the "acute" group and 2.95 ml/ 100 g/min in the "chronic" group. Analysis with the t test for coupled data showed that the difference from the control group was statistically significant in both instances (P < 0.001).
RCBF was measured in 90 regions on 24 patients; impairment of autoregulation, manifested by an increase in rCBF during hypertension, exceeding the 2 SD limit of the normal range (' 7 ml/ 100 g/min), was found in 24 regions (26.6%) (figs. 1 and 2). 
Slow waves, 1-3 cps, over left T region Slow waves, 1-3 cps, over right T region Slow waves, 1-3 cps over both hemispheres Normal
Relation to the Time Elapsed from the Stroke It is apparent from figures 1 and 2 that autoregulation of rCBF was impaired in a greater number of regions measured in patients with acute cerebral vascular lesions than in "chronic" cases. Ten of 13 patients studied within 48 hours of a stroke showed a regional loss of autoregulation, but only two of 11 patients studied later, in a nonacute stage, showed an increase of rCBF exceeding 7 ml/ 100 g/min during hypertension.
The two patients (cases 1 and 4, table 2) have been studied 105 and 160 days after the onset of symptoms. These findings might indicate that loss of autoregulation can be present for a long time after a stroke.
Before accepting this evidence, however, we should rule out other factors, such as a change in Pco2.
PCo2 values were available in only one of these two cases. They showed an increase of 4 mm Hg during angiotensin infusion. Therefore, the apparent loss of autoregulation in these two patients may not be genuine, and the existence of this persistent derangement in some chronic cases needs further proof. *Autoregulation is considered lost when rCBF increase is -7.0 ml/100 g/min. tVol%. :Flow gray = clearance rate of the fast component of the clearance curve, times the partition coefficient for 85Kr in the gray matter.
Weight gray = proportion of the fast flow compartment represented in the region explored. Analysis of the clinical findings in the "acute" group showed that all three patients with preserved autoregulation (cases 2, 3, and 8, tables 3 and 4) had transient ischemic attacks. The other 10 patients, who had impairment of autoregulation, had definite brain softening.
Autoregulation never was lost in all regions examined. On the contrary, autoregulation was lost in only one region in two cases, in two regions in six cases, and in three regions in two cases. When autoregulation was lost in two regions, they were never adjacent to one another; in only one of the cases with three regions affected were the regions close together.
From these facts the question arises as to whether impairment of autoregulation occurs in the ischemic area or in adjacent areas. On Circulation, Volume XXXVIII, October 1968 the basis of clinical, angiographic, and scintigraphic data it is possible, in certain cases, despite absence of anatomic control, to determine approximately the ischemic area.
In three cases there was a direct correspondence between regions with loss of autoregulation and the presumed ischemic areas (figs. 3 and 4). In the other seven cases the nonautoregulated regions appeared to surround the ischemic area (table 4, figs. 3 to 5).
Other Observations
In patients studied within 48 hours of the onset of a vascular lesion, loss of autoregulation occurred both when rCBF was as low as 22.4 ml/ 100 g/min and as high as 41.7 ml/ 100 g/min ( fig. 1 ).
Three of our patients (cases 6, 7, and 13, tables 3 and 4) had a "luxury perfusion syndrome."37 42 During hypertension, in case 7, there was loss of autoregulation (rCBF AFTER300AYS Figure 2 Response of rCBF to hypertension in patients with cerebral vascular lesions. Points above the upper line indicate regions where autoregulation was lost (increase of rCBF < 7 ml/100 g/min. In the first few days after the stroke a greater number of regions had lost autoregulation. increase of 8.9 ml/100 g/min), but in cases 6 and 13 the change in rCBF in the region with "luxury perfusion" was just below the limit chosen for loss of autoregulation (6.98 ml/ 100 g/min ).
Discussion
In earlier studies38 we observed that intracarotid infusion of angiotensin amide in a dose of 4 /f.g/min does not affect regional cerebral blood flow (rCBF). This dose also has no effect on systemic arterial pressure. The concentration of angiotensin reached in the cerebral vessels with this dose is of the same order as that when 40 yug of the drug is infused intravenously per minute. Thus, we may assume that under the experimental conditions used in this study, no direct effect of the drug on cerebral vessels is present and that the observed changes in cerebrovascular resistance give evidence of an autoregulatory response.
The results of this study indicate, therefore, a regional loss of autoregulation in the acute Circulation, Volume XXXVIII, October 1968 phase of a stroke. This may be due to inability of the cerebral vessels to constrict when perfusion pressure is increased so that their behavior is similar to rigid tubes. Similar findings have been reported previously in patients with cerebrovascular lesions and in experimental anoxia in laboratory animals.'18 38, 39, 43 A loss of autoregulation has been observed consistently by us only in patients studied within 48 hours of an acute cerebral ischemic episode.
These findings may have significance for the treatment of patients with acute strokes: an increase of systemic blood pressure and cerebral perfusion pressure may increase rCBF and may be beneficial, as has been suggested previously. 44 Analysis of regional hemodynamic pattems shows that in only three of 10 cases was a loss of autoregulation clearly confined to an ischemic focus, while in the remaining seven patients this impainnent was most likely near the periphery of the infarcted area. These results are consistent with the experimental demonstration that surface arteries and arterioles dilate near the periphery of an ischemic area after middle cerebral artery ligation in cats, 43 and they also fit the hypothesis that acid metabolites (particularly lactic acid) spread from an ischemic area to neighboring areas. 39 The duration of the impairment of autoregulation is at present unknown. In our view, loss of autoregulation is not necessarily of short duration, despite some recent experimental results.45 Loss of autoregulation has been observed 8 days after a stroke.46 However, our data are inadequate for complete analysis of the time pattern of loss of autoregulation, as all acute cases were studied within 48 hours after the stroke.
Loss of autoregulation of cerebral vessels has been observed under experimental conditions other than hypoxia and posthypoxic states, such as cranial trauma37 and respiratory acidosis.7-9 A state of vasomotor paralysis is common to these conditions as a consequence of tissue hypoxia or hypercapnia, or both-each of which leads to tissue acidosis. As discussed by Lassen,37 in these circumstances regional blood flow exceeds the needs of the local tissue for oxygen (luxury perfusion syndrome), and reactive hyperemia of the tissue can be observed by rCBF measurements,39 42 by angiography,48 or by visual observation of pial vessels. 43 In this study we have obtained evidence of loss of autoregulation as well as of reactive hyperemia in the acute posthypoxic period. However, in only three of 64 regions examined in acute cases did we find evidence of marked vasodilatation indicated by an increase of regional blood flow to levels above normal, although a loss of autoregulation was observed in 20 regions. Indeed, significant increases of blood flow during hypertension were noted in numerous areas whose perfusion rates in the resting state were very low (note that the systemic blood pressure of these patients was normal at the time of the study). If the loss of autoregulation is interpreted correctly as a sign of vasomotor paralysis, regional blood flow may be low despite maximal vasodilatation because of a marked regional decrease of perfusion pressure (stenosis), or because of increased vascular resistance due to concomitant brain edema or excessive blood viscosity, or both.18, 49 Some inconsistency of results was also noted in two of the three cases in which we found regional reactive hyperemia. In this situation of maximal vasodilatation the cerebral vessels might be considered as tight tubes, flow being governed by Poiseuille's law. If such occurs, the arterial pressure is the actual driving force for the cerebral circulation. In case 7 (table 4) , as expected, a loss of autoregulation was demonstrated. Also, in cases 6 and 13 (table 4) some increase of rCBF was noted during hypertension in the area of reactive hyperemia. However, this increase, (6.9 ml/100 g/min and 6.4 ml/100 g/min, respectively) was less than the limit of 7 ml we chose for evidence of loss of autoregulation, while in case 6 in Circulation, Volume XXXVIII, October 1968 neighboring areas (where rCBF was at normal levels), larger increases of CBF (+14.6 and +15.4 ml/100 g) were found. This indicates that in the area with reactive hyperemia the cerebral vessels still possessed some ability to constrict in response to an increase of perfusion pressure, despite the evidence of apparent vasomotor paralysis.50
